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Papilloma viruses induce tumors of keratinocytes. 
Vegetative viral DNA replication and virion assembly 
are seen in those cells which are in the process of kera­
tinizing or are keratinized. To date, no cell culture sys­
tem has been developed that permits expression of the 
complete viral life cycle. Keratinocytes infected in cul­
ture may harbor the virus as a stable, replicating epi­
some, but they do not support vegetative viral growth, 
nor do they become immortalized or transformed. The 
major obstacle in using keratinocyte cultures may be 
related to a dual need for transformation and full differ­
entiation. Some animal papillomaviruses have been 
shown to be capable of transforming cultured murine 
fibroblasts. The fibroblast model is useful for identifying 
the viral-transforming gene(s) and their products. 
Papillomaviruses (PVs) are DNA viruses that induce conta­
gious benign tumors and, on occasion, malignant tumors of 
keratinocytes. Some nonhuman viruses, such as bovine papil­
lomavirus type 1 (BPV-l), are capable of inducing both fibro­
blastic and epithelial cell proliferation, but in fibroblasts, prog­
eny virus is not produced [1]. Research on papillomaviruses 
and, specifically, on viral-cell interactions has been hindered 
by the lack of culture systems capable of supporting vegetative 
viral growth. Several reports of success have appeared [2-4], 
but these findings have not received confirmation. Unsuccessful 
attempts have occasionally been reported [5-7], although most 
have probably never gone further than the investigator's own 
notebook. In this article we discuss why papillomaviruses are 
so difficult to culture, and we review progress to date. 
Papillomaviruses in vivo undergo vegetative replication spe­
cifically in keratinocytes, and it is therefore logical to begin the 
search for a culture system with these cells. In vitro, keratino­
cytes can be serially grown for 50-150 doublings, and low­
density cultures may be initiated by furnishing a substrate 
support of purified collagen or inactivated 3T:3 cells (for review 
of keratinocyte culture methods, see [8]). Colony growth occurs 
laterally by mitotic division of basal cells and centrally by 
stratification of terminally differentiated cells. At maturity, the 
culture consists of a stratified, squamous, incompletely keratin­
ized epithelium that resembles fetal epidermis morphologically 
[9]. Cellular differentiation is marked by the following events: 
stratification, withdrawal from the cell cycle, synthesis of ker-
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atin filaments, synthesis of involucrin and formation of cross­
linked cornified envelopes, and loss of nuclei [10]. Keratohyalin 
is variably present. The high-molecular-weight keratin poly­
peptides characteristic of the upper strata of keratinizing epi­
thelium are not detected, and well-defined granular and corni­
fied layers are not seen [10]. 
FACTORS THAT COMPLICATE THE USE OF 
KERATINOCYTES AS A CULTURE SYSTEM 
Three aspects of the biology of papilloma viruses complicate 
the use of keratinocytes as a culture model. First, the papillo­
maviruses that infect humans and cattle exhibit a remarkable 
genetic heterogeneity as defined by nucleic acid hybridization. 
This heterogeneity is reflected to varying degrees in preferred 
sites of infection and in characterisitic histopathologic changes 
(G Orth et ai, This Symposium). In the development of a 
culture model it may be important to utilize keratinocytes from 
a specific epithelial site along with the papillomavirus that 
usually infects that tissue. However, keratinocytes from a num­
ber of sites, including epidermis, conjunctiva, esophagus [11], 
oral cavity [12], and genital tract [13], have been serially 
propagated, and in the absence of dermal influences, they all 
form incompletely keratinized epithelia that resemble one an­
other. Tissue-specific differentiation is reexpressed to varying 
degrees when the cultured keratinocytes are injected into the 
subepithelial connective tissue of athymic mice. The cyst thus 
formed is lined by an epithelium whose morphologic features 
and keratin content resemble those of the original tissue [11]. 
A second factor complicating the use of cultured keratino­
cytes is that vegetative viral growth in the papilloma appears 
to require terminal differentiation of the host cell. Vegetative 
viral DNA replication, viral capsid antigens, and viral particles 
are observed only in cells that are in the process of keratiniza­
tion or are already keratinized [14-17]. Vegetative viral DNA 
replication and capsid protein have never been detected in 
basal keratinocytes. It has been hypothesized that infected 
basal keratinocytes are nonpermissive for viral production, but 
acquire permissivity when they undergo complete keratiniza­
tion [14-17). In culture, however, keratinocytes do not express 
those markers of differentiation characteristic of the granular 
and cornified layers in which vegetative viral growth is usually 
detected. This problem may be offset by cultivation in a me­
dium devoid of vitamin A [18]. This leads to the formation of 
an epithelium that is more highly keratinized and which con­
tains high-molecular-weight keratin polypeptides. It must be 
stressed, however, that it has not been demonstrated that the 
full expression of keratinization is required in vivo. Indeed, 
vegetative viral DNA replication may commence along with the 
onset of terminal differentiation and may in turn interfere with 
the terminal differentiation program of productively infected 
cells. This may explain the picture seen in lesions induced by 
human papillomavirus type 1 (HPV -1), where vegetative viral 
DNA replication is detected as early as in parabasal cells, and 
where there is interference with the expression of some keratin 
subsets and induction of high levels of two polypeptides (16 
and 17 kd) undetected in normal epidermis (F Breitburd, 0 
Croissant, S Jablonska, JL Kienzler, G Orth, submitted). 
A third point is that vegetative viral replication in papillomas 
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occurs upon terminal differentiation of cells that are trans­
formed. Indeed, the first step in the interaction of a papillo­
mavirus with a keratinocyte leads to an altered response of the 
germinal cells to the mechanisms regulating the rate of their 
division and/or the size of the germinal cell population [16]. 
The result of these alterations is the growth of a papilloma. For 
non-virus-producing domestic rabbit papillomas induced by 
Shope cottontail rabbit papillomavirus (CRPV), this depends 
on the expression of the region of the genome homologous to 
the transforming region of BVP-1 ( [19] and E Georges, 0 
Croissant, N Bonneaud, G Orth, submitted). Papillomaviruses 
are unlike other DNA tumor viruses, such as SV40 or adeno­
virus, which do not undergo vegetative replication in the cells 
they transform. Depending on the species origin of the cells, 
there is either viral replication or cell transformation, but not 
both. For papillomaviruses, it is not known whether transfor­
mation of host cells is simply a mechanism that has evolved to 
expand the population of virus-producing cells or a mechanism 
that results in some modification of the differentiation program 
required for vegetative viral growth. 
The nature of the transformation is an important factor in 
papillomavirus replication, as is indicated by the observation 
that when benign lesions become malignant, the synthesis of 
infectious virus ceases [16]. This arrest in vegetative viral 
growth may stem from additional changes in the terminal 
differentiation program of the transformed cell. If the equiva­
lent of a benign transformation is required in the development 
of a vegetative culture system for PV, then selection of virally 
transformed keratinocytes from normal cells may not be readily 
achieved because papilloma cells in vitro do not clearly differ 
from normal keratinocytes in their morphology and growth 
pattern [7,20,21]. Murine keratinocytes initiated in vivo by a 
single dose of dimethylbenzanthracene may be selectable by 
their ability to grow in vitro at high calcium concentration 
[22]. Keratinocytes obtained from naturally occurring squa­
mous cell carcinomas [23,24] or transformed in vitro by SV 40 
[25,26] or murine sarcoma viruses [27] do not exhibit one 
typical phenotype. Transformed keratinocytes are immortal­
ized and have reduced requirements for serum and epidermal 
growth factors, but some cell lines retain the dependence on 
3T3 feeder layers for growth and some lines do not form tumors 
in nude mice [23]. Unlike transformed fibroblasts, which lose 
their actin cytoskeleton and grow as multilayered foci, trans­
formed keratinocytes become sensitive to contact inhibition 
[23,25-27] and may acquire a well-defined cytoskeleton [26]. 
When deprived of anchorage, normal keratinocytes rapidly 
form cross-linked cornified envelopes and loose viability [10]. 
When malignant keratinocytes are placed in suspension, they 
form these envelopes at reduced rates and remain viable for 
longer periods [23]. It is not known whether papilloma cells 
resemble initiated keratinocytes or what properties they share 
with malignant cells, and therefore, it is not clear how to select 
for a PV -transformed keratinocyte. Furthermore, selection of 
cells with a "more malignant" phenotype may preclude the 
possibility of productive viral replication. Alternatively, PV 
may be introduced into established lines of transformed kerat­
inocytes [23,24] or into primary keratinocytes immortalized by 
transfection with an oncogene such as the viral or cellular myc 
gene or with the gene for polyoma large-T antigen [28]. 
PAST ATTEMPTS AT CULTURING 
PAPILLOMA VIRUS USING KERATINOCYTES 
The most straightforward approach to the cultivation of 
papillomaviruses has been to culture keratinocytes directly 
from papillomas. Explant cultures of keratinocytes growing out 
from fragments of human epidermal [7] and laryngeal warts 
[21] maintain a normal morphology and exhibit no ultrastruc­
tural or antigenic evidence of vegetative viral growth. Primary 
cultures of domestic rabbit papillomas do display unusual cy­
toplasmic processes and intercellular bridges at low cell densi-
PAPILLOMA VIRUS IN CULTURE 38 
ties, but again, no evidence of vegetative growth of CRPV is 
found [20]. The lack of vegetative growth is not the result of 
an absence of the viral genome, for Steinberg et al have shown 
that keratinocytes cultured from one laryngeal papilloma and 
passaged once maintain the same number of copies of HPV-6 
DNA per cell as is present in the original tissue [29]. In neither 
explant cultures [7,20] nor passaged cells [21] is there any 
evidence of immortalization or cell transformation. Recently, 
an immortalized line of epithelial cells was established from a 
laryngeal papilloma, but there was no evidence for vegetative 
viral growth [30]. Finally, keratinocyte lines have been isolated 
from a domestic rabbit transplantable carcinoma. The cells 
contained integrated CRPV genomes, expressed only the viral 
transcripts of the transforming region found in vivo [19], and 
therefore showed no evidence of virus production (E Georges, 
N Jibard, F Breitburd, G Orth, in preparation). 
Another approach has been to introduce the papillomavirus 
genome by either infection or transfection into keratinocytes 
cultured from normal epithelium. Kreider et al infected primary 
cultures of fetal keratinocytes from domestic rabbits with 
CRPV and observed papillomatous cyst formation when these 
cells were inoculated into the cheek pouch of immunosup­
pressed hamsters [31]. Since the cells were inoculated into the 
hamsters 2 days following infection with the virus, and since 
adsorbed viral particles were detected for up to 30 days [31], it 
is not clear whether the virus established a stable infection in 
vitro or after grafting. When keratinocytes from adult domestic 
[32] or cottontail rabbit epidermis were cultured on collagen 
substrates and infected with CRPV at the time of plating, there 
was no hyperproliferative response (Fig 1) and there were no 
cytopathic changes. Some differentiating cells in the superficial 
layers of the cottontail rabbit cultures did contain sufficient 
viral DNA to be detected by in situ molecular hybridization, 
suggesting that vegetative viral DNA synthesis did occur in a 
small number of differentiating cells (Fig 2). However, capsid 
antigen was not seen, indicating that virion formation had not 
occurred. Keratinocytes derived from cottontail rabbit epider­
mis transfected in vitro with CRPV DNA contained a low copy 
number of viral genomes after 9 passages, but after 10 addi­
tional passages, viral DNA could no longer be detected. Trans­
fected cells had retained characteristic features of keratinocytes 
and had acquired immortality, but so had the control cells (F 
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FIG 1. Effect of CRPV-infection on the growth of domestic rabbit 
keratinocytes in culture. A suspension of basal keratinocytes from 
domestic rabbit epidermis was seeded in the presence (e) or the absence 
(0) of purified CRPV particles at a high multiplicity of infection on 
coverslips bearing collagen gels (2.5 x 105 cells/tube) [32]. Media was 
changed after 48 h and everyday thereafter. The rate of cellular DNA 
synthesis was measured by incubating the cells for 1 h in the presence 
of tritiated thymidine 24 h after a medium change. After alkaline lysis 
of the cells, the radioactivity incorporated in TCA-precipitable material 
was measured (broken line). Growth was evaluated by measuring the 
protein content of the culture (solid line) [32]. Each value corresponds 
to duplicate experiments. The arrow indicates confluency of the cul­
tures. 
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FIG 2, Evidence for viral DNA replication in CRPV-infected cot­
tontail rabbit keratinocyte cultures. Cottontail rabbit keratinocytes 
were prepared and seeded on collagen gels in the presence of purified 
CRPV particles as described in legend to Fig 1. Viral DNA replication 
was detected by in situ molecular hydridization [15,16,50], Cultures 
fixed in gluteraldehyde were lifted away from the coverslips with the 
collagen gels and transferred onto a nitrocellulose filter, Hybridization 
was performed using a tritiated RNA complementary to CRPV DNA 
(4 X 107 cpm/I'g) as previously described [15,16,50]. After postfixation 
and embedding in paraffin, hybrids were detected by autoradiography 
on 7-l'm-thick sections cut perpendicular to the surface of the cultures 
[15,16,51}. Hybrids were observed in the nuclei of differentiating cells 
(arrows). Duration in culture: 21 days. Exposure time: 120 days, Light 
hematoxylin-eosin st.aining. Magnification x640, 
Breitburd, N Jibard, 0 Croissant, G Orth, unpublished results). 
When human foreskin keratinocytes are infected with HPV-l 
particles from plantar warts, about 100 copies per cell of HPV-
1 DNA are maintained as monomeric episomes for up to 8 
passages with no evidence of vegetative viral growth or cell 
transformation [33J. Viral DNA replication in these cells was 
demonstrated by incorporation of [3H)thymidine, Viral DNA 
replication was also shown to be limited to the proliferative cell 
population, because no increase in viral DNA copy number 
could be detected in cells undergoing differentiation (L Taich­
man, S Reilly, R LaPorta, unpublished data), Attempts to 
augment the level of HPV-1 DNA in infected cultures with the 
use of vitamin A-depleted medium or by subepithelial injection 
of infected cells into nude mice were unsuccessful [34), The 
lack of vegetative growth of HPV -1 in foreskin -derived cells 
may have been related to the fact that HPV -1 is normally not 
pathogenic for genital epithelium. 
In order to establish a keratinocyte line containing papillo­
mavirus genomes, Burnett and Gallimore cotransfected human 
fetal trunk keratinocytes with cloned dime ric HPV -1 DNA and 
cloned SV40 (origin minus) DNA [35), Transfectants were 
selected by their SV40-transformed phenotype, One of the 
clones contained 2 to 4 copies of integrated HPV-1 DNA and 
trace amounts of episomal DNA, Several species of HPV-l 
RNA were detected, but they were present in very low amounts 
and were not characterized. Vegetative HPV-1 DNA synthesis 
was not detected, even when the cells were made to form 
keratinizing cysts in nude mice, Since viral DNA in productive 
lesions is present primarily as monomeric episomes [1,36,37], 
whereas viral DNA in the nonproductive rabbit carcinomas is 
recovered as high-molecular-weight DNA [19,36], it is unlikely 
that the integrated HPV -1 genome is able to enter a productive 
cycle. 
Experiments currently underway are aimed at introducing 
the genome of several different HPV types into lines of kerat­
inocytes isolated from human squamous cell carcinomas 
(SCC25, SCC12) [23) or into a keratinocyte line of vulvar origin 
(skv-1 cells) (N Jibard, S Jablonska, F Breitburd, 0 Croissant, 
G Orth, unpublished results) by cotransfecting with dominant 
selectable markers, either pBB3 (a plasmid containing the 
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bacterial gpt gene for resistance to mycophenolic acid [38]) or 
pSVtkneo!3 (a plasmid containing a bacterial gene for G418 
• resistance [:39]). Only 1 of the 32 clones obtained contained 
HPV-l DNA, but it was in an integrated state (Fig 3). 
When human keratinocytes transformed by SV40 were co­
transfected with HPV -1 DNA and pSV2neo, none of the 8 
clones obtained contained HPV-1 DNA (P Howley, S Banks­
Schlegel, personal communication). These negative results are 
surprising in light of the report of Brackman et aI, in which 
several HPV genomes were introduced with apparent ease into 
mouse L cells [40J, Cloned HPV DNA was cotransfected with 
the herpesvirus thymidine kinase gene and in all cases was 
found integrated into host DNA, 
THE USE OF FIBROBLASTS IN THE STUDY OF 
PAPILLOMA VIRUS 
Although fibroblasts cannot support the complete life cycle 
of papillomavirus, they have been used to study the transform­
ing properties of the virus, Transformation by papilloma viruses 
will be discussed more fully elsewhere in this Symposium (D 
Lowy, This Symposium), Several different papillomaviruses, 
including BPV-l [41-44], BPV-2 [41,42], BPV-4 [41], and 
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FIG 3. Evidence for HPV-1 DNA sequences in one clone of skv-1 
ceJls. Skv-1 cells were cotransfected with pBB3 DNA and HPV -1 DNA, 
form I (2,5 }lg and 1 I'g per 100-mm plate, respectively) and grown in 
the presence of mycophenolic acid [38]. Clones of resistant cells were 
analyzed for the presence of HPV -I DNA sequences by Southern blot 
hybridization using a 32P-Iabeled probe prepared from HPV-l DNA, 
form I [50], One clone was positive for HPV-1 DNA, and total cellular 
DNA from this clone was cleaved with different endonucleases and 
analyzed by Southern hybridization: (a) as a control, HPV-1 DNA, 
form I, was cleaved with BamHI, a single-cut enzyme for HPV -1 DNA, 
to produce unit-length linear (form III) molecules (7.8 kbp). DNA from 
the clone of transfected skv-I cells was cleaved with (b) CIa 1, a no-cut 
enzyme for HPV-1, and (c) BamHI and (d) Kpn, single-cut enzymes 
for HPV-l. The presence of HPV-1 DNA sequences in the high­
molecular-weight fraction (b) and the four fragments generated by one­
cut enzymes (c and d) indicate that the HPV-J DNA sequences are 
probably integrated in two different regions of the cellular genome. 
The arrows and numbers on the left indicate the position and molecular 
weights (kilobase pairs) of the four Carger HindIII fragments of A 
phage DNA. 
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CRPV [37], have been found to transform established lines of 
murine fibroblasts. Viral DNA is present in the episomal form, 
and its continued presence is required for maintenance of the 
transformed phenotype [45]. The cells are characterized by loss 
of contact inhibition, growth in medium with low serum, growth 
in soft agar, and formation of tumors in nude mice. Primary 
cells transformed by BPV do not exhibit all these characteris­
tics; for example, transformed primary bovine fibroblasts are 
tumorigenic for nude mice but do not lose contact inhibition 
and do not grow in soft agar [47]. Similar results were observed 
in primary rat cells (F Cuzin, personal communication), but 
not in primary hamster cells [43]. 
Transformation of fibroblastic cells by a papillomavirus may 
also be enhanced by tumor promotors [48]. When mouse em­
bryo fibroblasts are infected with BPV -1, the cells remain 
phenotypically normal, and after three passages in culture, 
viral DNA can no longer be detected. However, if cells are 
exposed for 4 days to the tumor promoters TP A or RP A one 
passage after infection, the content of viral DNA increases 
dramatically, viral RNA similar to that found in BPV -1 tumors 
appears, and the cells acquire a transformed phenotype. These 
changes persist following removal of the tumor promoter [48]. 
These results recall the enhancing effect of croton oil on the 
growth of papillomas in rabbits [49]. 
Transformation with BPV -1 in murine fibroblasts might not 
be a suitable model for papillomavirus transformation of epi­
thelial cells, since papillomaviruses are usually epitheliotropic 
and, as discussed earlier, the phenotype of transformed kerati­
nocytes in culture differs in significant ways from that of 
transformed fibroblasts. The fibroblast model does, however, 
provide a useful system for identifying the viral gene(s) and 
gene products responsible for transformation. 
CONCLUSIONS 
In the absence of a culture system for the vegetative growth 
of papillomavirus, many aspects of its interactions with cells 
remain unexplored. However, the difficulties encountered in 
developing the proper conditions are also revealing in them­
selves. In biological systems, transformation and differentiation 
appear to be mutually exclusive events. Papillomaviruses ap­
pear to have developed delicate mechanisms for inducing one 
without losing the other. The search for a culture system for 
papillomavirus touches this interrelationship and may possibly 
yield valuable insights into the biology of the keratinocyte. 
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